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phosphatidylcholine (DOPC, with oleic acid [18:1] in
Summary both acyl chain positions)/dioleoylphosphatidylethanol-
amine (DOPE, also with 18:1 chains) (55 mol%:45 mol%)
COPI-coated vesicle budding from lipid bilayers whose or acidic phospholipids (Spang et al., 1998). These ex-
composition resembles mammalian Golgi membranes periments directly confirm that an ARF family GTPase
requires coatomer, ARF, GTP, and cytoplasmic tails and a coat protein are sufficient to pinch off vesicles
of putative cargo receptors (p24 family proteins) or (Serafini et al., 1991) and suggest that the lipid composi-
membrane cargo proteins (containing the KKXX re- tion may play an important role. However, while the
trieval signal) emanating from the bilayer surface. above phospholipid compositions and fatty acid distri-
Liposome-derived COPI-coated vesicles are similar to butions are similar to yeast microsomal membranes
their native counterparts with respect to diameter, (Wagner and Paltauf, 1994; Zinser and Daum, 1995),
buoyant density, morphology, and the requirement for they are less representive of mammalian membranes
an elevated temperature for budding. These results (Keenan and Morre, 1970; Fleischer et al., 1974; Howell
suggest that a bivalent interaction of coatomer with and Palade, 1982; van Meer, 1998), raising the possibility
membrane-bound ARF[GTP] and with the cytoplasmic that additional components may be required to ensure
tails of cargo or putative cargo receptors is the molec- efficient vesicle budding.
ular basis of COPI coat assembly and provide a simple In this connection, deletion of an integral membrane
protein component of COPI- and COPII-coated vesiclesmechanism to couple uptake of cargo to transport
(Emp24p) reduces the rate of vesicle budding from thevesicle formation.
ER in vivo by about half (Stamnes et al., 1995). Emp24p
is a member of a family of putative cargo receptorsIntroduction
(SchimmoÈ ller et al., 1995; Stamnes et al., 1995; Sohn et
al., 1996) that are known to bind both COPI and COPIICytoplasmic coats act as a scaffold that defines the
coat proteins via their cytoplasmic tails (Fiedler et al.,shape, size, and in all likelihood the content of the en-
1996; Sohn et al., 1996; Dominguez et al., 1998). Coat
closed vesicle. Coats assemble as their subunits, pre-
interaction is mediated by FF and dibasic (generally KK)
viously dispersed in the cytosol, polymerize on a mem- motifs (Fiedler et al., 1996; Sohn et al., 1996; Dominguez
brane surface and in the process of doing so bud off et al., 1998), one of which (KK) is similar to retrieval
vesicles (Rothman and Wieland, 1996; Schekman and signals found in ER resident membrane proteins (Jack-
Orci, 1996). Coat subunits are bound to the membrane son et al., 1993; Teasdale and Jackson, 1996) that were
for polymerization by ARF family GTPase proteins while originally shown to bind coatomer (Cosson and Letour-
in their GTP-bound form (Serafini et al., 1991; Donaldson neur, 1994). Two particular family members (p23 and
et al., 1992; Palmer et al., 1993; Barlowe et al., 1994; p24 proteins) are especially abundant in Golgi mem-
Teal et al., 1994). When the GTP bound to the ARF branes and are highly concentrated in Golgi-derived
family protein is hydrolyzed to GDP and Pi, the coat COPI-coated vesicles, where they are present in approx-
depolymerizes, releasing a nascent transport vesicle for imate stoichiometric amounts relative to coatomer sub-
fusion with its target membrane (Tanigawa et al., 1993). units and ARF (Stamnes et al., 1995; Sohn et al., 1996).
Cells have a variety of coats, allowing different species The stoichiometric abundance of p24 proteins in the
of vesicles to depart from various subcellular locations, vesicles, together with the genetic evidence of a require-
ment for budding, suggests that these proteins are nec-
essary for budding. It has thus been proposed that the§ To whom correspondence should be addressed (e-mail: felix.
cytoplasmic tails of p24 family proteins act as coat re-wieland@urz.uni-heidelberg.de).
‖ These authors contributed equally to this work. ceptors important for initiating coat assembly (Sohn et
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Figure 1. Chemical Structure of p23 Lipopeptide
al., 1996; Nickel and Wieland, 1997), while their luminal To produce a peptide mimic of the cytoplasmic do-
main of a p24 protein at a bilayer±water interface, thedomains have been proposed to bind cargo on the other
side of the membrane (SchimmoÈ ller et al., 1995). carboxy-terminal cytoplasmic domain of the p23 protein
(YLRRFFKAKKLIE-COOH) was synthesized and attachedIn this paper, we define the membrane and cytosolic
requirements needed to reconstitute the budding of to the headgroup of a phospholipid via a stable thioether
linkage to an N-terminal Cys residue added to the syn-COPI-coated vesicles from artificial lipid bilayers with
a broad variety of lipid compositions. We confirm the thetic peptide (Figure 1). When the resulting lipopeptide
is included during the preparation of lipid bilayer vesi-principle that coatomer and ARF[GTP] are all that is
needed to provide the mechanical deviceÐa coatÐfor cles, many copies of peptide will project from the outer
surface of the vesicles.pinching off bilayer vesicles. We also find that when the
lipid compositions mimic mammalian cell membranes, To prepare vesicles containing the lipopeptide (usu-
ally added as 5 mol%, see Table 1), it was mixed withincluding Golgi membranes, that coated vesicles will
not form unless cytoplasmic tails of p24 proteins, or other lipids in organic solvent. Multilamellar liposomes
were then formed upon hydration of a lipid film, followedKKXX-containing membrane cargo proteins (Cosson
and Letourneur, 1994) emerge from the bilayer surface. by extrusion through a 400 nm pore-size filter. The re-
sulting liposomes are mainly vesicles with a diameter
of 200±400 nm with variable amounts of multilayer struc-Results
tures remaining (appearing as in Figures 2B and 2C).
The appearance of the parental vesicles with or withoutLipid Bilayer Vesicles Containing
Cytoplasmic Tail Peptides the lipopeptide was similar.
To directly test the hypothesis that coat assembly and
cargo receptor packaging are mechanistically linked re- Formation of COPI-Coated Vesicles Requires Coat
Proteins and the Cytoplasmic Tail Peptidequires a defined cell-free system that provides both min-
imal machinery for pinching off a bilayer vesicle and Liposomes containing the lipopeptide (representing the
cytoplasmic domain of the p23 protein) were mixed withminimal machinery for packaging cargo. A simple sys-
tem would consist of an artificial lipid bilayer containing recombinant N-myristoyl-ARF and essentially homoge-
neous native coatomer and the recombinant ARF-spe-a putative transmembrane cargo receptor (such as a
p24 family protein) incubated with a pure coat protein, cific nucleotide exchange factor ARNO (Chardin et al.,
1996); they were then incubated in the presence ofARF, and GTP. The simplest possible system would
employ only the carboxy-terminal cytoplasmic tail of a GTPgS for 30 min at either 378C or on ice for subsequent
examination by electron microscopy.p24 family protein as a mimic of the entire receptor,
because this is the only portion that could interact di- In initial experiments, a lipid mixture similar to that
reported for mammalian Golgi membranes (van Meer,rectly with the coat protein and/or ARF.
Table 1. Lipid Compositions of Liposomes Promoting COPI Vesicle Formation
Molar Ratios of Lipids in the Compositions Used in This Study
Golgi/ PC/ DOPC/ Acidic
Lipid or LP PS/PIP2 Golgi PS/PIP2 PC/PS PC PC/PE DOPE Liposomes
PC 40 50 65 65 100 55 55a 35
PE 10 16 45 45a 30
PS 30 5 30 30 15
PI 5 6
SM 5 7
CHOL 10 17
PIP2 1 1 5
PA 15
p23-LP 5 5 5 5 5 5
COPI budding assays were performed with donor liposomes of various lipid compositions. The molar ratios of lipids introduced into liposomes
are presented.
LP, lipopeptide; CHOL, cholesterol; DOPC, dioleoylphosphatidylcholine; DOPE, dioleoylphosphatidylethanolamine; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PIP2, phosphatidylinositol-4,5-bisphosphate; PS, phosphatidyl-
serine; SM, sphingomyelin.
a Dioleoyl species.
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Figure 2. In Vitro Reconstitution of COPI-Coated Vesicle Budding from Synthetic Liposomes
Incubations including coatomer, ARF, GTPgS, and ARNO were performed with liposomes containing the p23 lipopeptide incubated at 378C
(A), at 08C (B), lacking the lipopeptide incubated at 378C (C), or containing a mutant (mt) lipopeptide incubated at 378C (D). After 30 min of
incubation, samples were diluted with PBS, and glutaraldehyde was added at a final concentration of 1% (w/v). Membranes were then collected
by ultracentrifugation at 100,000 g for 60 min at 48C. Samples were further processed for electron microscopy as described under Experimental
Procedures (bar, 100 nm). Note that various amounts of protein aggregates were found under all conditions, which is due to glutaraldehyde
fixation prior to membrane sedimentation. White arrows (A) highlight liposome-derived COPI-coated vesicles, and the black arrow (A, inset)
points to a structure that most likely represents a COPI-coated bud. The black arrow in the inset of (B) highlights an example of a partially
coated liposome.
1998) but supplemented with additional phosphatidyl- ice (18% 6 1% [SEM]). This background value (18% 6
1% [SEM]) is likely an overestimate of vesicles ,80 nm,serine (PS) and with phosphatidylinositol-4,5-bisphos-
phate (PIP2) was used (referred to in Table 1 as ªGolgi- since it will include random sections of larger vesicles.
At both temperatures, extensive coating of the paren-like mix plus PS and PIP2º; the ªGolgi-like mixº being
the approximate composition given by van Meer [1998] tal 200±400 nm diameter vesicles was observed (an ex-
ample is shown in the inset in Figure 2B). However,as 95% of the total lipid [the remaining 5 mol% being
the lipopeptide]). The additional acidic lipids were used coated buds were detectable only in the 378C incuba-
tion, apparently in the process of pinching off to yieldbecause they have been reported to facilitate membrane
binding and nucleotide exchange by ARNO (Chardin et coated vesicles (an example is shown in the inset in
Figure 2A). This suggests that binding of coat proteinsal., 1996), a point that we will return to later.
Upon incubation at 378C (Figure 2A), numerous small occurs at both 08C and 378C, but that formation of curved
lattices of unit size needed to pinch off vesicles onlycoated vesicles with an outer diameter of 50 6 12 (SD)
nm appeared that were not present prior to the incuba- occurs at the elevated temperature, as would be ex-
pected for a physiological process in a mammalian sys-tion or following incubation at 08C (Figure 2B). Vesicles
smaller than 80 nm represented 54% 6 10% (SEM) of tem. This conclusion is confirmed by the biochemical
studies below.total vesicle profiles after incubation at 378C (Table 2),
clearly significantly greater (p , 0.0001) in abundance It is clear that the vast majority of the small (,80 nm
diameter) coated vesicles must be derived from largerthan vesicles in this size class after the incubation on
Cell
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Table 2. Size Distribution of Vesicle Profiles under Various Incubation Conditions
Small Large
Ratio
Profiles ,80 nm Profiles .80 nm
Condition in diameter in diameter Small:Large
378C
with lipopeptide 54% 6 10% 46% 6 10% 1.17
08C
with lipopeptide 18% 6 1% 82% 6 1% 0.22
378C
without lipopeptide 15% 6 5% 85% 6 5% 0.18
378C
with mutant lipopeptide 14% 6 5% 86% 6 5% 0.16
Standard errors of the mean are given.
vesicles by budding, as distinct from binding of coat The conclusions drawn from electron microscopy
were fully confirmed by analysis of the density gradients.proteins to preexisting vesicles of this size that may be
present in the liposome preparation before incubation When lipopeptide-containing liposomes were incubated
with coatomer and ARF at 378C, both appeared in thefor the following reasons: (1) the number of vesicles in
this size class is vastly greater following incubation at fractions (pool II) expected to contain coated vesicles
(Figure 3A), and electron microscopy of pool II (Figure378C than prior to incubation or following incubation on
ice (Table 2); (2) binding and assembly of coat proteins 4B) confirmed that pool II indeed consisted of a homoge-
neous population of the coated vesicles originally ob-take place on ice, under which condition the number
of vesicles ,80 nm in diameter does not significantly served by electron microscopy of the whole incubation
(Figure 2A). Consistent with this, when pool II was sub-increase; and (3) budding profiles (such as that in Figure
2A) that are characteristic of the budding process in jected to a second round of density gradient centrifuga-
tion, a single sedimentation peak was observed (Figurecells and reconstituted with native Golgi membranes
(Orci et al., 1986, 1989) are readily observed in the 378C 5) that contained ARF, coatomer, and lipopeptide.
Coatomer and ARF also appeared in the lower densityincubations.
The p23 lipopeptide was required for budding of fractions of the gradient comprising pool I (Figure 3A)
expected to contain the partially coated 200±400 nmcoated vesicles. When vesicles of the same lipid compo-
sition but lacking lipopeptide were tested, only the 200± diameter parental vesicles also observed in the unfrac-
tionated 378C incubation (Figure 2A), and electron mi-400 nm diameter parental vesicles were observed (Fig-
ure 2C). Now, only 15% 6 5% (SEM) of the vesicle croscopy of pool I (Figure 4A) confirmed the expectation
that this pool consists of uncoated and partially coatedprofiles were ,80 nm in diameter (Table 2), significantly
smaller (p , 0.0001) in abundance than vesicles in this parental vesicles.
When the same incubation is carried out on ice, den-size class after an incubation with p23 lipopeptide±
containing liposomes (54% 6 10% [SEM], see above). sity gradient analysis confirms that while binding of coat
proteins to parental liposomes is still detectable, bud-Moreover, the 200±400 nm diameter parental vesicle
profiles did not have coated regions (unlike the incuba- ding of coated vesicles no longer takes place as indi-
cated by the absence of coatomer and ARF in pool IItion of lipopeptide-containing vesicles with coat pro-
teins on ice; Figure 2B), suggesting that the lipopeptide (Figure 3B).
When the lipopeptide is omitted from the liposomesis required for coatomer binding and/or polymerization.
A budding process could be established, independent (Figure 3C), coatomer and ARF no longer appear in the
coated vesicle±containing fractions of pool II and fur-of electron microscopy, by analyzing the distribution of
the products of the same incubations following centrifu- thermore no longer appear in the lighter fractions of pool
I that contain parental liposomes with any bound orgation to equilibrium in sucrose density gradients (Fig-
ures 3A±3C). The fractions were analyzed by Western polymerized coat proteins. This confirms that the cyto-
plasmic tail of p23 is needed for the binding of theblotting to establish the distributions of coatomer (moni-
tored according to b9-COP [Harrison-Lavoie et al., 1993; coatomer subunits of the coat and for the budding of
coated vesicles.Stenbeck et al., 1993]) and ARF, and pools of fractions
were further analyzed by electron microscopy to confirm
their identity. Golgi-derived COPI-coated vesicles have
Lipid, Protein, Peptide, and Nucleotidea buoyant density corresponding to approximately
Requirements for Budding40%±42% sucrose (w/w) (Malhotra et al., 1989) and are
Based on the above detailed characterization, the ap-expected to band in pool II (fractions 8±11 in Figure 3).
pearance of coatomer in pool II provides an index of theProteins that were not bound to vesicles or incorporated
extent of production of coated vesicles under variousinto budded coated vesicles are expected to remain in
conditions of incubation. Coatomer binding to parentalthe bottom portion of the gradient (pool III, fractions
vesicles and subsequent coated vesicle formation abso-12±14). Larger liposomes float to the top of the gradient
lutely require ARF (Figure 3F). While ARF in its GDP-(followed using radiolabeled phospholipid as tracer),
bound form is sufficient for binding of coatomer (Figureand pool I (fractions 1±5) should include both protein-
3D), only ARF[GTP] can produce coated vesicles (Figurefree liposomes and liposomes that are partially coated
(inset to Figure 2B). 3A vs. Figure 3D). Therefore, the population of coatomer
COPI-Coated Liposomes
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Figure 3. Biochemical Requirements for COPI
Vesicle Formation from Synthetic Liposomes
Incubations were performed as follows: (A)
complete mixture with liposomes containing
p23 lipopeptide at 378C; (B) complete mixture
with p23 lipopeptide±containing liposomes at
08C; (C) complete mixture with liposomes
lacking p23 lipopeptide at 378C; (D) complete
mixture with liposomes containing p23 lipo-
peptide at 378C in the presence of GDPbS;
(E) complete mixture with liposomes carrying
a p23 lipopeptide with mutated coatomer-
binding motifs (FF to AA and KK to SS) at
378C; (F) complete mixture lacking ARF at
378C; (G) complete mixture lacking coatomer
at 378C. All experiments were performed with
liposomes composed of the ªGolgi/PS/PIP2º
lipid composition (see Table 1). Samples were
analyzed as outlined under Experimental Pro-
cedures. The density profile of the gradient
is shown in the lower panel. Following SDS-
PAGE and Western blotting, polyclonal rabbit
antibodies directed against b9-COP and ARF
(Helms et al., 1993; Stenbeck et al., 1993)
were used to detect coat proteins. CM, coat-
omer; LP, lipopeptide; mt, mutant; NT, nucle-
otide.
and ARF in pool I does not seem to be productive in p24 (Stamnes et al., 1995; Sohn et al., 1996). A lipopep-
tide analogous to that in Figure 1 but representing theterms of the formation of both coated buds and vesicles.
This suggests that ARF[GTP] is necessary for self-asso- entire cytoplasmic domain of the p24 protein (residues
21 to 213, 21 being the C terminal residue) permitsciation of ARF±coatomer complexes, for promoting a
transition between flat and curved lattices, or both. Inter- budding of synthetic COPI-coated vesicles with similar
efficiency as the cytoplasmic tail from p23 protein (dataestingly, when incubations were performed in the ab-
sence of coatomer, ARF was no longer detectable in not shown). Therefore, the capacity to promote ARF-
dependent binding of coatomer and the ensuing bud-pool I (Figure 3G). These results support a bivalent inter-
action of coatomer with ARF and the p23 tail, which ding of coated vesicles is a characteristic property of the
major p24 family members present in Golgi membranes.appears to be the molecular basis for productive coating
(Nickel et al., 1998). Cytoplasmic tails of p24 family members have two
characteristic motifs: two adjacent phenylalanine resi-In addition to the p23 protein, Golgi membranes con-
tain several members of the p24 family of putative cargo dues typically located at positions 27 and 28 or 28
and 29 (Stamnes et al., 1995; Fiedler et al., 1996; Sohnreceptors (Dominguez et al., 1998). However, the most
abundant species in COPI-coated vesicles are p23 and et al., 1996; Dominguez et al., 1998) and a dibasic motif
Cell
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Figure 5. Liposome-Derived COPI-Coated Vesicles Have a Coat
Protein Composition and Buoyant Density Similar to Native COPI
Vesicles
A complete COPI budding assay was performed as described in
the legend of Figure 4 using liposomes that contain iodinated p23
lipopeptide. Following flotation gradient centrifugation, fractions
7±10 were pooled and diluted to a density corresponding to 20%
(w/w) sucrose. This fraction was then applied to sedimentation anal-
ysis (see Experimental Procedures). Each fraction was analyzed for
b9-COP, ARF, and [125I]-derived radioactivity (filled boxes).
coated vesicle budding as analyzed by both biochemis-
try and electron microscopy (data not shown). By con-
trast, a peptide corresponding to the complete se-
quence of the p23 tail but linked to the lipid headgroup
via its C terminus did not promote budding when ex-
posed on the surface of liposomes (data not shown).
Many resident transmembrane proteins of the ER have
the dibasic motif without the FF motif (Teasdale and
Figure 4. In Vitro Reconstitution Experiments Yield a Homogenous Jackson, 1996), which they require for retrieval from the
COPI Vesicle Population of Uniform Shape and Size Golgi by COPI-coated vesicles (Letourneur et al., 1994)
p23 lipopeptide±containing liposomes were incubated with coat- to maintain their steady-state localization (Jackson et
omer, ARF, GTPgS, and ARNO at 378C for 30 min and fractionated al., 1993). A lipopeptide containing the cytoplasmic tail
as described under Experimental Procedures. Fractions 1±6 (pool I
of one such protein, Wbp1 (te Heesen et al., 1991, 1992),[A]) and fractions 7±11 (pool II [B]) were combined and diluted with
was tested and found to support similar levels of coatedPBS. Following addition of 1% (w/v) glutaraldehyde, membranes
vesicle budding as the p23 tail±containing lipopeptidewere sedimented at 100,000 g for 60 min at 48C. Samples were
further processed for electron microscopy as described under Ex- (data not shown), consistent with the result obtained for
perimental Procedures (bar, 100 nm). the p23 FF to AA mutant.
p23 tail lipopeptide±dependent budding occurs with-
out any special lipid compositional requirement and will
even take place from parental vesicles composed onlyin which two (or sometimes one) adjacent basic residues
are typically (but not always) located at positions 23 of phosphatidylcholine (PC) (Figure 6A). Table 1 lists the
series of lipid compositions tested that produce syn-and 24 or 24 and 25 (Stamnes et al., 1995; Fiedler et
al., 1996; Sohn et al., 1996; Dominguez et al., 1998). thetic COPI-coated vesicles, provided that the p23 tail
lipopeptide is present (results in all cases similar to thatWhen both motifs are mutated in the p23 tail lipopeptide
(FF to AA and KK to SS), both coatomer binding and of Figure 3A vs. Figure 3C).
By contrast, tail peptide±independent budding cancoated vesicle budding are abolished (Figure 3E). This
result was verified by the morphological analysis of the occur when liposomes contain acidic phospholipids.
This was first reported by Matsuoka et. al. (1998a) forcorresponding whole incubations demonstrating that
neither coatomer binding to liposomes nor small coated COPII-coated vesicles and more recently for COPI-
coated vesicles (Spang et al., 1998). In the latter case,vesicles could be observed in such incubations (Figure
2D and Table 2). When only the FF motif was abolished the authors established another condition that allows
COPI budding from pure lipid bilayers, consisting of 45(FF to AA), the resulting lipopeptide still supported
COPI-Coated Liposomes
501
variety of acyl chains) purified from a natural source
(bovine liver) only support budding in the presence of
lipopeptide (Figures 6A and 6B). As for COPII vesicles
(Matsuoka et al., 1998a), even conditions bypassing the
otherwise strict requirement for the tail peptide do not
relieve the absolute requirement for an ARF protein (data
not shown; Spang et al., 1998).
The lipid composition used in the initial studies in
Figures 2±5 (Golgi-like mix plus PS and PIP2; Table 1)
was chosen because PS and PIP2 provide optimal condi-
tions for the catalytic activity of ARNO in mediating nu-
cleotide exchange (Chardin et al., 1996). While we added
ARNO in most of these experiments, it turned out that
this component was not required (data not shown). Puri-
fied recombinant, bacterially expressed ARF protein is
mainly in its GDP-bound form (Franco et al., 1995). Since
ARF and GTP are both required for budding (and GDP
does not substitute for GTP), even when ARNO is absent,
it would appear that sufficient nucleotide exchange for
budding must take place spontaneously under our assay
conditions. This was confirmed by measuring the uptake
of radiolabeled GTP into ARF protein during budding
reactions in the presence or absence of ARNO (data not
shown). Exchange was stimulated 3-fold by including
ARNO and about 2% of ARF protein±acquired GTP even
in the absence of ARNO. This is consistent with the
percentage of ARF in the incubation that localizes to
pool II during budding reactions (Figure 3A) in the pres-
ence of ARNO, averaging 6% 6 1% (SD) among several
experiments. This analysis reveals why spontaneous nu-
cleotide exchange is sufficient to permit budding at the
observed efficiency. Since coated vesicle formation can
occur independently of ARNO, we were able to analyze
whether tail-dependent budding can occur in the ab-
sence of lipids like PS and PIP2 that would otherwise
be needed for ARNO to operate effectively, and with a
wide variety of different compositions (Table 1).
Figure 6. COPI Vesicle Formation from p23 Lipopeptide±Containing Discussion
Liposomes Does Not Depend on the Lipid Composition of the Donor
Bilayer
What is the minimal machinery for forming a transport
(A) Complete incubations as described in the legend of Figure 4 vesicle? To propagate and maintain the compartmentalwere performed with liposomes of the lipid compositions indicated
organization of cells, machinery is needed to pinch off(for the exact molar ratios of lipids see Table 1). Samples were
lipid bilayer vesicles, to select the cargo to be trans-separated by flotation gradient centrifugation and analyzed as de-
scribed in the legend to Figure 3. ported, and to specify its destination. A simple means
(B) Pool II from incubations using liposomes of the lipid composition to achieve this would be for these machineries to func-
indicated was subjected to sedimentation analysis as described in tion in concert in a tightly coupled reaction that links
the legend to Figure 5. Fractions were diluted and membranes were coat assembly to the selection of cargo and the bindingcollected by ultracentrifugation at 100,000 g for 60 min at 48C. Mem-
of v-SNAREs.brane-associated coatomer was detected by Western blotting of its
This work describes the reconstitution of budding ofb'-COP subunit. Liposome-derived COPI-coated vesicles migrate
with an apparent buoyant density corresponding to z40% sucrose. COPI-coated vesicles from bilayers with various compo-
Note that coated vesicles derived from DOPC/DOPE liposomes (in sitions and establishes a mechanism for loading stoi-
the absence of p23 lipopeptide) migrate at a slightly lower density. chiometric amounts of cargo receptors (and cargo if
available) and coupling loading to budding. We provide
direct evidence that a bivalent interaction of coatomermol% of DOPE and 55 mol% DOPC. We confirm that
budding of COPI-coated vesicles can occur in the ab- with membrane-bound ARF[GTP] and with the cyto-
plasmic tails of transmembrane cargo or putative cargosence of lipopeptide, when liposomes contain either the
acidic phospholipids (Figure 6A) or the DOPE/DOPC receptors is required in a lipid environment resembling
that of mammalian Golgi membranes, implying that un-mixture (Figures 6A and 6B). However, consistent with
the findings of Spang et al. (1998), only the use of DOPC der these conditions coatomer polymerization is effec-
tively coupled to cargo/receptor binding.and DOPE permits lipopeptide-independent budding,
whereas mixtures of PC and PE (containing a broad If this occurs, then both cargo receptors and v-SNAREs
Cell
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should be enriched within the membranes of budding That the 50 nm diameter coated vesicles produced in
vesicles relative to the parental membranes on which the cell-free reactions result from a budding process,
they form. This appears to be the case. The putative rather than from the direct binding of coat proteins to
cargo receptor p23 is concentrated up to 20-fold in a small fraction of the starting vesicles that happen to
COPI-coated vesicles that bud from Golgi membranes be of this size range, is clear for several reasons. First,
and is present at about four copies per coatomer (Sohn the parental liposomes, mainly ranging from 200 to 400
et al., 1996). Also, ER-derived v-SNAREs are highly en- nm in diameter are polydisperse and are only partly
riched in COPII-coated vesicles budding from the ER coated, whereas the 50 6 12 (SD) nm diameter synthetic
(Barlowe et al., 1994; Rexach et al., 1994; Bednarek et COPI-coated vesicles are virtually homogeneous and
al., 1995; Campbell and Schekman, 1997). There are 3±4 are fully coated. Second, the number of synthetic COPI-
copies of ARF per coatomer (Serafini et al., 1991). While coated vesicles far exceeds the number of preexisting
the number of v-SNAREs has not been measured, the lipid vesicles in the same size class. Third, this increase
readily detectable immunogold staining for the Golgi depends on ARF, GTP, coatomer, and the p23 tail lipo-
v-SNARE GOS28 in a subpopulation of COPI-coated peptide. Fourth, this increase occurs at 378C and not at
vesicles suggests that this v-SNARE is an abundant 08C; similarly, coatomer binding to Golgi membranes
vesicle constituent (Nagahama et al., 1996). can occur at 08C, but budding requires incubation at an
If assembly and loading are coupled processes, as elevated temperature (Orci et al., 1986). Fifth, coated
our data suggest, then complete loading would be as- buds that are the same diameter as the coated vesicles
sured and new opportunities for specific provision of are seen on the parental liposomes, as would be ex-
distinct coats to different membranes would be created. pected for reconstitution of an authentic budding pro-
The mechanism of this coupling need not be complex. cess. Sixth, almost no coated buds are found at 08C,
Recent studies imply that v-SNAREs are ARF family even though planar patches of coat are present on pa-
protein receptors (Springer and Schekman, 1998) and rental liposomes, providing further evidence that the
that coat assembly directs the concentration of coated vesicles arise from pinching off of these coated
v-SNAREs into COPII-coated vesicles (Matsuoka et al., buds.
1998b). It is known that ARF[GTP] binds coatomer pri- The surface density of coat proteins in synthetic COPI-
marily by contacting its b-COP subunit (Zhao et al., coated vesicles appears to be very similar to that of
1997). It is also known that the KKXX (dibasic) motif± vesicles budding from natural membranes because they
containing cytoplasmic tails of retrieved ER membrane
are very similar in density, 1.17 and 1.19 g/ml (Malhotra
proteins and the FF/dibasic motif±containing cyto-
et al., 1989), respectively. The composition of their coats
plasmic tails of p24 family proteins bind coatomer at its
also appears to be very similar. Averaging among experi-
g-COP subunit (Harter et al., 1996; Harter and Wieland,
ments, 8% 6 3% (SD) of the coatomer and 6% 6 1%1998). Coupling of coat assembly to loading with cargo/
(SD) of the ARF added to the incubation are recoveredcargo receptor proteins like these will automatically re-
in the coated vesicle fraction. Since there were sevensult if neither the b-COP±ARF interaction nor the g-COP±
molecules of ARF added per molecule of coatomer, thetail interaction, in and of itself, provides sufficient energy
mole ratio of ARF to coatomer in synthetic vesicles aver-to stably tether coatomer, and if together the sum of
ages 5.3, in reasonable agreement with the value of 3both binding energies is sufficient, under prevailing con-
to 4 determined for COPI-coated vesicles that bud fromditions of the reactants in cells. Budding could not take
native Golgi membranes (Serafini et al., 1991). Theplace unless a nucleotide exchange factor (Barlowe and
smaller size (50 nm) of synthetic as compared to naturalSchekman, 1993; Chardin et al., 1996) is recruited to the
vesicles (60±80 nm [Malhotra et al., 1989; Orci et al.,donor membrane to produce sufficient local concentra-
1989]) could be due to the intrinsically easier deformabil-tions of membrane-bound ARF[GTP] from cytosolic
ity of a lipid bilayer lacking inserted proteins, or to theARF[GDP], nor if the concentration of putative cargo
lack of p24 family protein luminal domains in the lipo-receptors were too low. According to in vitro studies,
some-derived coated vesicles.productive binding of coatomer involves a tetrameric
The efficiency of the budding reaction was calculatedform of cytoplasmic tail domains that, upon interaction
in two different ways from the biochemical data. Averag-with the g subunit of coatomer (Harter and Wieland,
ing among experiments, a total of 1.9% 6 0.1% (SD) of1998), induces a conformational change of the complex
125I-labeled lipopeptide present initially in parental lipo-causing its polymerization (Reinhard et al., 1999).
somes (as in Figure 5) is recovered in the coated vesicleGeneralizing this bivalent model for coupling, specific
fraction after incubation. Coatomer recovery from poolassociation of particular coats with particular donor
II can also be used to estimate the efficiency of budding.membranes would result from a combination of differen-
A total of 25 mg of coatomer is added to each incubation,tial specificity of the exchange factor for ARF family
corresponding to 2 3 1013 molecules of coatomer (as-members, differential affinity of the particular set of
suming complete purity). Of these, we find that an aver-v-SNAREs present in the donor membrane for ARF fam-
age of 8% 6 3% (SD) is recovered in pool II, correspond-ily members, and differential affinity of different coat
ing to about 1.6 3 1012 molecules incorporated intoproteins for ARF family members and for the spectrum
coated vesicles. The total surface area of the 10 mgof tail motifs housed in that donor membrane. Specificity
quantity of approximately 300 nm diameter bilayer vesi-arising in this interlocked and combinatorial fashion
cles added to each incubation is about 2.8 3 1015 nm2.could explain the remarkable ability of cellular compart-
Taking the surface area of the outer leaflet covered byments to recover even following extreme perturbations
a single coatomer to be 75 nm2 (calculated from thein which they become extensively intermixed (Klausner
et al., 1992). established 10 nm thickness of the coat [Malhotra et
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al., 1989; Orci et al., 1989] and the molar volume of molecular species of PE). We have reproduced these
results with similar lipid compositions (Figures 6A, 6B,coatomer), the amount of coatomer incorporated would
cover a total outer leaflet area of 1.2 3 1014 nm2, corre- and Table 1) but also found that when a corresponding
mixture of bovine liver PC and PE having a natural acylsponding to about 4.3% of the lipid added. This is an
upper limit because it assumes coatomer is completely chain distribution was tested (Figures 6A and 6B), no
budding occured unless a tail lipopeptide was present.pure and because free coatomer contaminates pool II.
The budding efficiency can be independently calcu- The single molecular species DOPC and DOPE are each
found at only low levels in mammalian Golgi membraneslated from the morphological data (Table 2) as follows:
assuming no systematic errors, when each parental ves- (Keenan and Morre, 1970). Likewise, there is no evidence
for the presence of significant amounts of acidic phos-icle buds off exactly one much smaller 50 nm diameter
coated vesicle, the ratio of coated vesicles to parental pholipids such as PA in mammalian Golgi membranes
(Fleischer et al., 1974; Howell and Palade, 1982).vesicles will be 1. The ratio of profiles less than 80 nm
in diameter to those greater than 80 nm in diameter after If lipid-triggered budding were to occur to a significant
extent in cells, protein sorting would not take place andincubation at 378C in the presence of lipopeptide was
in fact about 1.2, as compared to about 0.2 prior to or organelles would shed vesicles incapable of fusion. At
the very least, cells should have a means to prevent thisin the absence of budding (Table 2). This increment
corresponds almost exactly to 1 coated vesicle formed from happening as a major process. From this stand-
point, the lipid-triggered budding that occurs in vitroper parental liposome, equivalent to about 2.8% of the
total phospholipid, in excellent agreement with the 1.9% under certain well-defined conditions of lipid composi-
tion can most simply be regarded as an uncoupled par-value estimated from lipopeptide recovery. The 2%±4%
efficiency of budding in this fully defined system com- tial reaction within the framework of an overall, coupled
budding reaction that ensures the formation of loadedpares reasonably with the value obtained for COPI-
coated vesicles budding from native Golgi membranes and properly directed transport vesicles. This would oc-
cur whenever interactions of coatomer with the lipid(Ostermann et al., 1993).
Coated vesicle formation strictly requires ARF protein, bilayer, by whatever mechanism and however weak indi-
vidually, add up to the equivalent of binding of coatomerconfirming the results of Spang et al. (1998) and earlier
results (Orci et al., 1993a). These data suggest that to a cytoplasmic tail. While it is certainly possible that
acidic or other specific lipids, if their local concentrationARF[GTP] is a direct participant in the core budding
process and not just an activator of a pathway that is high enough, could regulate the rate of vesicle bud-
ding in vivo (De Camilli et al., 1996; Roth and Sternweis,triggers PLD-catalyzed phosphatidic acid production,
which, in turn, has been proposed to initiate coated 1997), our results make it seem unlikely that this could
be part of a general core mechanism of budding. Thevesicle formation (Ktistakis et al., 1996). Moreover, when
the level of phosphatidic acid is directly measured in required function of p24 proteins for budding in yeast
cells (Stamnes et al., 1995) sets upper limits for thisCOPI vesicle incubations, a decline (Stamnes et al.,
1998) rather than the predicted (Ktistakis et al., 1996) process.
increase is observed. Taken together, these results
demonstrate that coated vesicle formation directly de-
Experimental Procedures
pends on ARF[GTP].
In this minimal budding system, the dibasic motif pres- All phospholipids and cholesterol were purchased from Avanti Polar
ent in the cytoplasmic tail of putative cargo receptors Lipids (Alabaster) except phosphatidylinositol-4,5-bisphosphate
(PIP2) and phosphatidic acid (PA), which were purchased fromis critical, while the FF motif is not. COPI-coated vesicles
Sigma. All purified lipids were derived from natural sources (PC,mediate both anterograde and retrograde traffic in the
PE, PIÐbovine liver; PS, PIP2, SMÐbovine brain; CLÐwool grease)Golgi stack (Orci et al., 1997), and there is evidence for
except DOPC and DOPE. All other chemical reagents were of analyti-
a role of the FF motif in anterograde-directed transport cal grade.
(Fiedler et al., 1996; Dominguez et al., 1998). Presum-
ably, this distinction, based on the FF motif, requires
Lipopeptide Synthesis and Generation of Liposomesadditional protein(s) beyond ARF and coatomer, as both
p23 lipopeptide was synthesized by mixing equal volumes of (4-[p-
anterograde and retrograde-selective Golgi transport maleimidophenyl]butyryl) phosphatidylethanolamine (MPB-PE, Avanti
vesicles have both ARF and coatomer (Orci et al., 1997). Polar Lipids; 1 mg/ml in CHCl3) and p23 peptide (1 mg/ml in dimethyl-
The ARF, coatomer, and cytoplasmic tail±dependent formamide [DMF] supplemented with 1.25 mM MOPS buffer [pH
7.5]) carrying an additional cysteine at the N terminus (CYLRRFFKAKbudding of COPI-coated vesicles is extremely permis-
KLIE). Alternatively, peptides corresponding to the cytoplasmic tailssive with regard to lipid composition (Figure 6 and Table
of p24 (CYLKRFFEVRRVV) and Wbp1 (CYSSVGKKLETFKKTN) were1). Budding occurs with similar efficiency whether the
used to synthesize the corresponding p24 and Wbp1 lipopeptides,
bilayer consists of only PC (Figure 6A) at one extreme respectively. After incubation for 2 hr at room temperature, free
or the complex Golgi-like mix plus PS and PIP2 at the maleimido residues were blocked with 5 mM b-mercaptoethanol,
other extreme (Figures 3A and 6A). However, two types and the mixture was further incubated for 30 min at room tempera-
ture. The sample was dried and resuspended in 0.1% (v/v) trifluoro-of compositions were documented by Spang et al. (1998)
acetic acid (TFA). The lipopeptide was separated from free p23as permitting budding in the presence of coatomer and
peptide and free MPB-PE by chromatography on a reversed phaseARF in the absence of any tail peptides: (1) those rich
column (RP18, Merck). p23 lipopeptide elutes at 90% (v/v) acetoni-in various acidic phospholipids (such as PS, PA, or PIP2) trile/0.1% (v/v) TFA as judged by thin layer chromatography (RP18,
and (2) a mixture of 55 mol% DOPC (a single molecular Merck). A modified purification procedure was applied to a p23
species of PC in which both fatty acid chains are 18:1 lipopeptide carrying mutations in the coatomer-binding motifs (FF
to AA and KK to SS) in that the lipopeptide was applied onto aoleic acid) and 45 mol% DOPE (the corresponding single
Cell
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silicagel 60 column (Merck) followed by elution with CHCl3/metha- Nucleotide Exchange Assay
Nucleotide exchange onto ARF protein was measured as describednol/H2O (65/25/4). For some experiments, the p23 lipopeptide was
previously (Helms and Rothman, 1992; Helms et al., 1993). Incuba-radiolabeled with [125I] using the Iodogen Kit (Pierce) according to
tions contained 125 pmol ARF and 1 mCi [a32P]GTP (final concentra-the instructions of the manufacturer. The radiolabeled lipopeptide
tion 25 mM). Where indicated, samples contained liposomes (Golgi-was then purified using reversed phase chromatography as de-
like mix plus PS and PIP2, 10 mg of total lipid) with or without p23scribed above.
lipopeptide, CHO Golgi membranes (3 mg protein), 50 pmol of theLipids and lipopeptide were dissolved in chloroform and mixed
nucleotide exchange factor ARNO, or coatomer (15 pmol).in the various molar ratios given in Table 1. A lipidfilm was generated
by evaporation of solvent in a N2 stream followed by hydration in
buffer (50 mM HEPES [pH 7.4], 100 mM NaCl) at room temperature. Acknowledgments
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A typical COPI budding assay was performed in 50 mM HEPES (pH
7.5), 2.5 mM MgCl2, 100 mM KCl, 1 mM ATP, and 1 mM DTT. A Received September 23, 1998; revised January 14, 1999.
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